The objective of this study is to identify an adequate zinc (Zn) foliar spray concentration which corrects Zn deficiency without disrupting other plant mineral contents, enhances plant growth, and thereby corn silage yield when grown on sandy soil. A field experiment was conducted using five Zn foliar spray concentrations (w/v): 0.03%, 0.07%, 0.10%, 0.14% and 0.18%. Zn sulfate (ZnSO 4 . 7H 2 O) was used as a source of Zn. Zn foliar application was realized at two growth stages (6-7 and 9-10 leaf stages). A treatment without Zn foliar spray was maintained as control. The results showed a quadratic response of corn silage towards Zn foliar spray concentrations, in which 0.09% was the optimum value for overcoming Zn deficiency. Such level increased shoot Zn concentration at harvest from 15 mg kg -1 to 21.8 mg kg -1 , didn't decrease plant mineral content below critical levels, enhanced plant growth and raised silage yield by 49.4% compared to control. On the other hand, Zn foliar spray concentration up to 0.10% induced visible leaf damage, growth inhibition and a decrease of 26% in silage yield compared to Zn foliar applications at 0.09%.
Introduction
Most plant micro-nutrition research has reported the severe effects of Zn deficiency on crop productivity especially for cereals (Cakmak, 2008) . Corn (Zea mays L.) is one of the very sensitive cereal species to Zn deficiency stress (Lindsay & Norvel, 1977; Gupta, Kening, & Siyuan, 2008) . Many authors have reported importance of Zn in completing some vital physiological functions such as energy production and protein synthesis (Hansch & Mendel, 2009; Gupta et al., 2008; Mousavi, Galavi, & Rezaei, 2013; Qiao et al., 2014) .
Under Zn deficiency, corn has low Zn concentration, usually below the critical level of 22 mg kg -1 (Singh, Natesan, Singh, & Usha, 2005) , and shows white linear bands between the midrib and the margin of leaves (Singh et al., 2005) , as well as an obvious shortening of plant height and leaf area (De Vasconcelos, Clístenes, & Fernando, 2011) . All this result in significant decline in silage and grain yields (Van Biljon, Wright, Fouche, & Botha, 2010; Potarzycki & Grzebisz, 2009) . In order to prevent Zn deficiency stress, both soil Zn supply and Zn foliar spray have been advisable. In the context of many dairy farmlands from Loukkos perimeter (North West of Morocco), corn silage grown on a sandy soil, naturally poor in Zn, showed Zn deficiency symptoms that resulted in a silage yield decline compared to adequate fertilized plots receiving either Zn sulfate or animal manures. Zn foliar spray is still not a common fertilization method in this region, except some commercial mixtures of macro and micronutrients that provided a partial recovery from Zn deficiency stress. Many authors have reported the importance of Zn foliar applications at adequate levels to improve yields of many grown crops such as corn (Potarzycki & Grzebisz, 2009) , wheat grain (Haslett, Reid, & Rengel, 2001) , tomato fruit (Kaya & Higgs, 2002) and safflower (Rajabi et al., 2013) . The foliage uptake depends on many factors such as plant species, timing of application, and concentration (Wojcik, 2004) . Knoche, Petracek, Bukovac, and Shafer (1994) reported linear positive relationship between nutrient foliar spray concentration and the rate of its uptake by tomato's leaves. Potarzycki and Grzebisz (2009) found positive quadratic relationship between Zn foliar spray concentration and corn grain yield. They have denoted optimal yielding at concentration ranging between 0.25% and 0.37% of Zn applied at 5 leaf stage. Also, Takkar and Wallker (1993) reported that Zn foliar spray concentration at 0.5-1% of ZnSO 4 ·7H 2 O resulted in optimal biomass yields for many crops.
On the other hand, Zn foliar applications at high concentration induced leaf injury (Qiao et al., 2014) , inhibited plant growth and declined yield (Kaya & Higgs, 2002) . Moreover, it may disrupt the uptake of other macro and micronutrients. In this respect, Kaya and Higgs (2002) found that the increase of Zn foliar spray concentration on tomato increased leaves Zn concentration, but reduced potassium (K), magnesium (Mg) and iron (Fe) contents.
Despite numerous advantages of foliar spray such as being environmentally friendly, inexpensive and fast in correcting deficiency, we found little literature about managing Zn foliar spray for adequate mineral content and corn silage growth. Therefore, the present study was undertaken with the objective of identifying an adequate concentration of Zn to spray on corn silage grown on a sandy soil in order to correct Zn deficiency without disrupting mineral composition and plant growth.
Method

Site Description
A field experiment was conducted on an agricultural farm (Bassita II farm) located in Loukkos perimeter (34°96′N lat., 6°21′W long., 60 m above the sea level, North West of Morocco) where the climate is maritime. We recorded, during the growing season (August 09 to November 20, 2012), 16.6 °C and 24.2 °C as average of maximum and minimum temperatures, respectively. A rainfall amount of 283 mm was recorded especially between September and November. A comparison between the studied growing season weather and the climatic data of the last 40 years (1971-2010)* of the experimental site is reported in Table1. 
Experimental Soil
For basic soil characteristics analysis, we collected a soil sample 0-20 cm. The soil was sandy (88.8% of sand, 7.5% of clay and 5.3% of silt), no calcareous, with a very low amount of DTPA extractable Zn (0.13 mg kg -1 ), which was below the critical level of 0.8 mg kg -1 required for corn (Landsay & Norvel, 1977) . The other soil chemical characteristics are listed in Table 2 . Extractants: a = Ammonium Acetate.; b = Sodium Acetate; c = Diethylene Triamine Penta-Acetic acid (DTPA).
Crop Management and Experimental Design
The land was prepared for planting by cultivator tillage. Each line of plants was equipped with a drip line irrigation system using 1.2 l h -1 emitters and 0.4 m as emitters spacing. Watering was done whenever required during the growing season. Weeds were controlled using a mixture of pre-emergence herbicides (Pendimethaline, Mesotrione, Terbuthylazine and S-metolachlor) and fungal disease (Helmintosporium) was controlled with Epoxiconazole.
Measurements
Taking into account that Zn deficiency symptoms appeared on corn as white linear areas between the midrib and margin of leaves (Singh et al., 2005; Alloway, 2008) , visual Zn deficiency symptoms evolution was determined each 10 days, on 10 randomly chosen plants for each treatment's replication. The symptoms were summarized using a descriptive scale of 1 to 5: 1 = plants had no visual Zn deficiency symptoms, 2 = pale green linear stripes began to appear between the midrib and the margin of new leaves, 3 = white linear stripes appeared between the midrib and the margin of all leaves 4 = white bands appeared between the midrib and the margin of old leaves, 5 = all leaves were small showing linear white bands between their midrib and margin.
The stem height and the stem diameter were measured, on 10 randomly chosen plants per each treatment's replication, at 3 different growing stages: 6-7 leaf stage, 9-10 leaf stage and harvest.
The total leaf area per plant at harvest was measured in 3 randomly chosen plants per each treatment's replication using the formula (1) developed by Montgomery (1911) and cited in Mokhtarpour et al. (2010) for corn:
Where L, W, and n are leaf length, leaf greatest width, and last leaf of corn, respectively.
The harvest was done manually on November 20, 2012, approximately at shoot moisture content of 67%. 10 randomly chosen plants per each treatment's replication were cut close to the soil surface, and the fresh weights of the harvest were measured. 3 randomly chosen ears per each treatment's replication were taken in order to determine different kernels yield compounds: i) total number of ovules per ear using equation (2) ii) pollination rate using equation (3), and iii) thousand-kernel dry weight.
Total number of ovules per ear = Number of kernels + Number of sterilized ovules (2)
Pollination rate (%) = Number of kernels per ear/Total number of ovules per ear × 100
In order to evaluate macro and micro nutrients shoot contents at harvest, 3 plants from each of the following treatments (Control, 0.03%, 0.10% and 0.18%) were dried at 70 °C in an oven until constant weight, chopped and mixed. Thereafter, 3 subsamples of 0.6 g per these treatments were digested with a mixture of salicylic and sulfuric acids in order to determine plant N, P, K, Ca and Mg contents. Besides, 3 other subsamples of 2 g were digested with a mixture of nitric, perchloric, and sulfuric acids to determine plant Zn, Mn, Fe and Cu contents.
Concerning K, Ca, Mg, Zn, Fe and Mn, they were analyzed using an atomic absorption spectrophotometer (Varian AA 240 Fast Sequential; air acetylene flame). However, N and P were auto-analyzed using a continuous flow analyzer (Skalar San ++ ).
Statistical Analysis
All data were subjected to analysis of variance at 5% significance level. Taking into account that Zn concentration treatment is a quantitative variable, an appropriate regression analysis, which was selected on the basis of higher r 2 , was used to evaluate the response of each measured parameter. The optimum Zn foliar spray for each parameter was determined by equating the first derivative of the regression equation to zero. These statistical analyses were performed using the program SPSS (Version 17.0).
Results
Visual Zn Deficiency Symptoms
Zn deficiency symptoms appeared at an earlier stage (5 leaf stage) as white linear stripes between the midrib and the margin of leaves for all treatments (score 3). Zn foliar applications up to 0.03% induced a clear disappearance of these symptoms (score ≈ 1). But, some green pale lines persisted on plants during all growing season even with high Zn foliar spray concentration (0.14% and 0.18%). Control plants also showed a slight recovery from Zn deficiency at 8-9 leaf stage (score 2). On the other hand, due to high Zn level concentration (up to 0.10%), an obvious leaf injury with brown leaf areas was observed after one day of each application. This damage concerned only the touched leaves, thereafter, new safety leaves appeared.
Plant Growth
Just after the first Zn foliar application (6-7 leaf stage), a clear increase on stem height was marked. At 9-10 leaf stage, all Zn foliar treatments induced a significant increase of 14.6% compared to control. While at harvest, a clear positive quadratic response was recorded. Zn foliar application at 0.10% induced the most significant stem height increase of 11.8% compared to control. Moreover, the total leaf area per plant at harvest was significantly raised. Compared to control, all Zn foliar treatments induced a significant rise of 23.40%. Concerning stem diameter, it was significantly increased at 9-10 leaf stage. But at harvest, no significant difference between treatments was recorded. Nonetheless, an obvious growth inhibition was marked with high Zn foliar spray concentrations up to 0.10% (Table 3) . Data are the means ± standard deviation. * Significant at 5% probability level; n.s.-Not significant at 5% probability level.
Silage Yield and Shoot Dry Matter Partitioning
Silage yield was significantly influenced with Zn foliar spray. It had a positive quadratic response and the highest yield was recorded with Zn spray at 0.09%. It induced an increase of 49.4% compared to control. However, a clear decline of about 26% in optimal yield was noted with Zn spray concentration up to 0.10% (Figure 1 ). The shoot dry matter partitioning analysis showed that stem, leaves and ear dry weights were all significantly enhanced by Zn foliar applications and had the same trend of the regression equation describing silage yield (Figure 2a ). Within ear, we found that especially kernels dry weight was significantly influenced (Figure 2b ). The analysis of kernels yield components showed no significant effect of Zn foliar spray on the total number of ovules per ear (Figure 3a) . But, two main components were significantly influenced: the pollination rate and the thousand-kernel dry weight (Figures 3b and 3c ). Both had quadratic responses and the highest response was approximately at 0.10% of Zn. Compared to control, this Zn rate induced significant increases of 15.4% and 19.1% on pollination rate and on thousand-kernel dry weight, respectively. 
Mineral Shoot Content
Micro Elements Shoot Content
The chemical analysis of shoot dry matter at harvest showed that Zn foliar spray influenced some micro nutrients plant concentrations (Figures 4a, 4b, 4c and 4d ). The increase of Zn foliar spray concentration resulted in significant linear increase in shoot Zn content. Zn spray concentration at 0.09% which induced optimal yielding led to a shoot Zn content of 21.8 mg kg -1
. However, plant concentration in Mn, Fe and Cu showed linear significant decrease with increasing Zn foliar spray concentration. Zn foliar applications at 0.09% induced mineral contents of 93, 35.8, 6 .7 mg kg -1 for Fe, Mn and Cu, respectively.
Macro Elements Shoot Content
Furthermore, shoot concentration in K and Mg had negative linear relationship with Zn concentration spray. At Zn foliar application of 0.09%, we recorded 0.8% as shoot k content and 0.12% as Mg content (Figures 5a and  5b ).
In contrast, shoot P content showed a quadratic response towards Zn foliar spray concentration (Figure 5c ). Zn applications at 0.09% induced shoot P content of 0.27%. Other macro elements as N and Ca didn't show any significant difference between treatments and were in adequate levels (DATA not shown here). 
Discussion
Results from the present study have shown that Zn foliar spray prevented Zn deficiency stress in corn when it's applied at adequate level. Approximately 0.09% is the optimum Zn foliar spray concentration for corn silage production when grown in Zn deficient sandy soil. Furthermore, adverse effect on plant growth can happen with higher Zn foliar spray concentration.
Visual Zn Deficiency Symptoms
The appearance of Zn deficiency symptoms on corn was mainly attributable to a low soil born Zn content (0.13 mg kg -1 ) which was below the critical level of 0.8 mg kg -1 required for corn production (Landsay & Norvel, 1977) . Their appearance at an earlier stage (5-6 leaf stage) was reported by many authors (Kuldeep & Banerjee, 1986; Sharma, Chatterjee, & Saharma, 1990; Wang & Jin, 2007) . As soon as we increased Zn foliar spray concentration, these symptoms became less severe. The same result was reported by Kaya and Higgs (2002) on tomato. Nevertheless, the slight recovery from Zn deficiency noticed in control plants at 8-9 leaf stage agreed with earlier result reported by Rungruang, Doyle, and Raymond (1978) . On the other hand, the clear leaf injury noted at high Zn foliar spray concentration (up to 0.10%) was noticed in rice with Zn foliar spray concentration up to 0.03% (Qiao et al., 2014) and in tomato at 0.015% of Zn (Kaya & Higgs, 2002) .
Plant Growth, Silage Yield and Shoot Dry Matter Partitioning
Synchronization of visual Zn deficiency symptoms and stem height shortening in control and low Zn foliar spray concentrations (0.03% and 0.07%) supported the physiological mediating function of Zn in the metabolism of growth regulators as indole 3 acetic acid and gibberellic acid (Cakmak, Marshner, & Bangerth, 1988; Balal et al., 1998) . The leaf area was also enhanced by Zn foliar spray; a result which was reported by Chaab, Savaghebi, and Motesharezadeh (2011) on maize due to Zn soil supply. While no increase in stem diameter at harvest was noted, this result agreed with the finding of Rajabi et al. (2013) on safflower. In contrast, high Zn foliar spray concentration (up to 0.09%) induced a clear inhibition of plant growth and yield decline, which agreed with the result of Kaya and Higgs (2002) on tomato. In this regard, a recent study by Qiao et al. (2014) explained that Zn foliar application at high concentration on rice, exceeding 0.03%, induced a significant decrease in phosynthesis rate. They explained this decrease by the inhibition of chlorophyll synthesis and by inactivation of β-carbonic anhydrase enzyme which contains Zn and plays crucial role in photosynthesis.
Many authors reported the importance of Zn foliar applications at adequate levels to enhance yields of many Vol. 7, No. 2; 2015 crops such as corn (Potarzycki & Grzebisz, 2009) , wheat grain (Haslett, Reid, & Rengel, 2001) , tomato fruit (Kaya & Higgs, 2002) and safflower (Rajabi et al., 2013) . From this study, the highest silage yield was recorded with Zn foliar applications at 0.09% of Zn, equivalent to 0.40% of ZnSO 4 .7H 2 O, applied at 5-6 and 9-10 leaf stages. Similarly, Lindsay (1972) reported in his review that Zn foliar applications at 0.5% of ZnSO 4 ·7H 2 O, applied at 3 and at 5 leaf stages corrected Zn deficiency on corn. In contrast, Potarzycki and Grzebisz (2009) reported that optimal maize grain yield was recorded with high Zn foliar spray concentration ranging between 0.25% and 0.37% of Zn. This latter was applied as oxysulfate at 5 leaf stage and was equivalent to 1.11-1.64% of ZnSO 4 .7H 2 O. Dry matter partitioning analysis showed that stem, leaves and ear biomass were all influenced by Zn foliar applications. The marked positive effect of Zn foliar spray on biomass can be explained through the role of Zn in increasing both the carbonic anhydrase enzyme activity (Qiao et al., 2014; Sasaki, Hirose, Watanabe, & Ohsugi, 1998) and chlorophyll synthesis (Qiao et al., 2014; Cakmak & Marshner, 1993) , which improved photosynthesis rate (Qiao et al., 2014) . As kernels presented about 50% of the total aerial dry matter (Figure 6 ), the silage yield response was especially linked to kernels weight. This latter was enhanced mainly through two components: thousand-kernel dry weight and pollination rate. The increase of thousand-kernel dry weight was reported by Potarzycki and Grzebisz (2009) on corn, and by Rajabi et al. (2013) on safflowers. It could be attributed mainly to photosynthesis activation mentioned above. Regarding pollination rate, its increase with adequate Zn foliar application can be related to male fertility enhancement found by Sharma et al. (1990) .
Mineral Shoot Content
Control plants showed insufficient shoot Zn content at harvest (15.8 mg Kg -1 ) which was below the critical level required in corn 22 mg kg -1 (Singh et al., 2005) . This content was linearly increased with raising Zn foliar spray concentration, the same result was reported by Cakmak et al. (2010) on wheat and by Kaya and Higgs (2002) on tomato. This linear positive relationship illustrates the luxurious consumption character of corn silage towards Zn.
Zn foliar supplementations at 0.09%, which induced the highest silage yield, provided an adequate shoot Zn content (21.8 mg kg -1 ). This was approximately equal to the critical level cited above (22 mg kg -1 ). Adequate Zn level in corn can both enhance silage nutritional quality and suppress or minimize Zn feed additives supply used in dairy cattle feeding. Even if we remarked negative relationships between shoot Zn content and Mg (r² = 0.73), K (r² = 0.59), Mn (r² = 0.63), Cu (r² = 0.68) and Fe (r² = 0.59) at harvest, Zn foliar spray at 0.09% resulted in adequate plant content of k (0.8%) which was approximately equal to the critical level ranging between 0.7% and 0.9% (Arnon, 1975) . Also, it induced adequate levels of Mn, Cu and Fe (Rashid & Ryan, 2008) . The plant Mg content (0.12%) was lower than the adequate concentration of 0.20% requested for corn silage by Fox and Piekielek (1984) . In the case of this study, no Mg deficiency symptoms were noticed. In this context, Arnon (1975) reported that Mg deficiency symptoms in corn appeared at Mg concentration below 0.06%, and content around 0.12% and 0.24% induced optimal yields.
The negative interactions between Zn and other nutrients were in line with the finding of Kaya and Higgs (2002) who reported that Zn foliar applications on tomato induced antagonism between Zn and K, Mg and Fe. The same relationship was found between Zn and Cu (Kumar et al., 2009 ) and between Zn and Fe (Ai-Qing et al., 2011) on wheat. This kind of interaction, which is presumably related to an inhibition of elements uptake due to Zn foliar applications, hasn't been well explained in the literature yet, and gives a reason for further investigation.
The shoot P content behaved differently from the other elements; it was enhanced with slight Zn concentration applications (below or equal to 0.06%) and decreased with higher ones (up to 0.06%). At an earlier study, Orabi, Mashadi, Abdllah, and Morsy (1981) found a positive relationship between P and Zn on corn. However, Zhu, Smith, and Smith (2001) reported that high soil P supply induced a low Zn content on wheat. Interaction between P and Zn is widely reported in the literature for different crops, but little is known about the specific mechanism involved either under Zn foliar spray or soil Zn supply. On the other hand, the optimal silage yield recorded at 0.09% had an adequate P content (0.27%) which was around the required level (0.1-0.5%) (Arnon, 1975) . Figure 6 . Effect of Zn foliar spray concentration on ratio of kernels, stem, leaves, cob and husks dry weights to total shoot dry weight
Conclusion
Results have indicated that 0.09% of Zn, using as source Zn sulfate (ZnSO 4 ·7H 2 O), is the adequate concentration to spray at 5-6 and 8-9 leaf stages of corn silage in order to cure Zn deficiency. Such level of concentration proved to increase plant Zn content without any disruption in plant mineral composition, and to enhance plant growth, thereby increasing silage yield. However, caution must be taken with Zn foliar spray at concentration up to 0.10% which induced leaf injury, disrupted mineral plant composition and inhibited plant growth. 
